Background {#Sec1}
==========

Hepatocellular carcinoma (HCC) is one of the most common malignancies encountered in clinical practice, ranking second in mortality rate around the world \[[@CR1]\]. Although surgical resection has long been the first choice for the treatment of HCC, less than 30% of HCC patients are indicated for surgery. Non-surgical treatments (local ablation therapy, molecular-targeted therapy, radiotherapy, etc.) for HCC, have practically improved the quality of life of HCC patients, but the overall therapeutic outcomes are still not significantly improved \[[@CR2]\]. Recently, with the development of three-dimensional conformal radiation therapy, stereotactic radiotherapy, proton radiation therapy, heavy ion radiation therapy, and other technologies, the volume of irradiated normal liver tissue has been greatly reduced, and radiotherapy has gradually become an effective means for the treatment of HCC \[[@CR3], [@CR4]\]. However, radiotherapy failure remains a significant clinical challenge due to the development of resistance in the course of treatment. The development of radiotherapy resistance is complicacy associated with a variety of biological factors, while the specific mechanism remains unclear. Therefore, elucidating the molecular mechanism involved in radioresistance will help to develop new therapeutic targets to overcome the radioresistance to achieve better therapeutic outcomes in HCC patients.

Aurora kinase family, including Aurora-A, B and C, belongs to the serine/threonine kinases and involved in cell mitosis \[[@CR5]\]. Among these three molecules, Aurora-A is also called STK15, which is the most important kinase molecule in the Aurora family, composed of an N-terminal β-chain domain and a C-terminal α-helix domain. Aurora-A plays an important role in the process of normal cell mitosis and the development and progression of tumors \[[@CR6], [@CR7]\]. Several studies have indicated that Aurora-A was highly expressed in a variety of malignant tumors, including HCC \[[@CR8]\]. Also, our previous study confirmed that clinical stage and lymphatic metastasis of HCC patients could effectively affect the expression level of Aurora-A, and its inhibition could significantly reverse malignant phenotypes of HCC cells \[[@CR9], [@CR10]\]. Importantly, we testified that overexpression of Aurora-A could induce chemoresistance in HCC by activation of nuclear factor-kappa B (NF-κB)/microRNA-21/PTEN pathway \[[@CR11]\]. Nevertheless, the mechanism of Aurora-A in HCC radioresistance is still unclear and needs to be elucidated. NF-κB pathway activations are considered to play roles in the development of radioresistance in many types of tumor cells \[[@CR12]\]. Recent studies have shown that NF-κB could up-regulate the expression of downstream target genes such as c-Myc and cyclin D1 to directly promote cell proliferation and inhibit cell apoptosis \[[@CR13]\]. Also, NF-κB could inhibit the mitochondrial-dependent apoptosis pathway which is regulated by the BCL-2 family composed of both anti-apoptotic and pro-apoptotic proteins residing within and outside the mitochondrial membrane \[[@CR14]\]. Under the action of ionizing radiation, NF-κB is overactivated, thereby upregulating certain inhibitor of apoptosis protein such as BCL-XL \[[@CR15]\]. These anti-apoptotic proteins not only inhibit cell release of pigment C but also inhibit caspase 9 activation, eventually leading to radiotherapy resistance. Since Aurora-A could cause abnormal activation of NF-κB and further activate the NF-κB signaling pathway \[[@CR16]\], we hypothesized that Aurora-A might play an important role in inhibiting cell apoptosis via regulating NF-κB to contribute to radioresistance in HCC cells.

To test this possibility, we established radio-resistant HCC cell lines to explore the roles of Aurora-A in the acquired radioresistance of HCC cells. We further examined the relationship between Aurora-A and activation of the NF-κB pathway and searched for downstream genes activated upon this interaction.

Methods {#Sec2}
=======

Cell culture and establishment of radio-resistant HCC cell lines {#Sec3}
----------------------------------------------------------------

A parental human HCC cell line (HepG2) was purchased from Shanghai Institute of Cell Biology, Chinese Academy of Sciences. The cells were cultured in Dulbecco's modified Eagle medium (GIBCO-BRL) containing 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37 °C with 5% CO~2~. A linear accelerator was used to irradiate HepG2 cells in the logarithmic phase. The initial dose was 2.0 Gy. After two repetitions, the dose was gradually increased to 4.0 Gy, 6.0 Gy, 8.0 Gy, 10.0 Gy, etc. The cells were irradiated twice with each dose until reaching the final dose of 60 Gy. The last surviving cells were used to establish radioresistant cell lines, designated HepG2-R.

RT-PCR {#Sec4}
------

The total RNA of HCC cells in each group was extracted separately. Using SYBR® Green I dye as the detection signal and GAPDH as an internal reference, the expression levels of Aurora-A were measured.

Western blotting assay {#Sec5}
----------------------

Western Blotting was carried out as previously reported \[[@CR11]\]. In brief, collected cells were lysed, and the total proteins were separated in 10% SDS-acrylamide gel. Then, the separated proteins were transferred to a polyvinylidene fluoride membrane (American Thermal Science). Aurora-A, IκBα, p65, Bcl-2, Mcl-1, cleaved PARP, and cleaved caspase-3 antibodies (Univ-bio Inc., Shanghai, China) were applied for the detection of protein expression. The amount of protein expression was determined using mouse anti-GAPDH monoclonal antibody (Univ-bio Inc., Shanghai, China). Lab Works™ Image Acquisition was used to quantify band intensities, so as Analysis Software (UVP, Upland, CA, USA).

Establishment of stable cell lines {#Sec6}
----------------------------------

Lenti-shAurora-A (Lv-shAuro), Lenti-Aurora-A (Lv-Auro) and control lentiviral vectors were purchased from GenePharma Co., Ltd. (Shanghai, China). After transfection, cells were exposed to 4.0 μg/mL puromycin. Via selection stress, stably transfected HCC cell lines including Aurora-A-overexpressing and Aurora-A-knockdown cell lines were obtained and named HepG2-R/shAuro (or HepG2-R/shcontrol) and HepG2/Auro (or HepG2/control), respectively. Monoclonal cell lines were generated from single clones.

Colony formation assay {#Sec7}
----------------------

The cells were seeded at a density of 800--2000 cells/well in a six-well plate containing culture medium. After 24 h incubation, the cells were irradiated with X-rays and then placed in an incubator for 14 days. The cells were then fixed in 4% paraformaldehyde and stained with crystal violet. The colonies were dried and visually counted.

In vitro radiosensitivity assay {#Sec8}
-------------------------------

First, we prepare single-cell suspensions and disperse them in a 96-well plate and addition of 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay (Sigma, USA) solution (0.5 mg/ml) then treated with various doses of IR, then hatch for 4 h, add 100 ul of extraction buffer to each medium. After one night of incubation, the absorbance was measured through a microplate reader (Bio-Rad, Model 680) at 490 nm.

In vivo radiosensitivity assay {#Sec9}
------------------------------

Animal experiments are conducted according to institutional guidelines (the Section of Comparative Medicine, Jinling Hospital, Nanjing, China). Female BALB/c nude mice between 5 and 6 weeks old were obtained from the Animal Core Facility of Nanjing Medical University (Nanjing, China) and housed in laminar flow cabinets under specific pathogen-free conditions. Stably transfected hepatocytes were suspended in 100 μl PBS and subcutaneously injected into the right flank of the female BALB/c nude mouse. At seventh-day post tumor cell injection, the tumors were treated with 8.0 Gy IR. Tumor growth was examined weekly for at least 6 weeks. Forty-two days later, the mice were sacrificed by CO2 administration, necropsies were performed. The tumors were weighted and cut into two parts. One half of the tumor was embedded in paraffin and subjected to TUNEL and immunohistochemical staining, the other half was frozen in liquid nitrogen for preparation. Tumor volume was calculated with using this eq. V (mm^3^) = *A* × *B*^2^/2, in which A is the largest diameter, and B is the vertical diameter.

Flow cytometric detection of apoptosis {#Sec10}
--------------------------------------

Apoptosis was detected using the annexin v-fluorescein isothiocyanate (FITC) apoptosis assay kit (oncogenic gene research product, Boston, MA) in the light of the manufacturer's instructions. All samples were tested in three portions.

Immunohistochemistry assay {#Sec11}
--------------------------

Paraffin-embedded tumor tissues were used for PCNA immunostaining. After antigen retrieval, tissue sections were incubated with rabbit anti-human PCNA monoclonal antibody (Santa Cruz Biotechnology, CA, USA) for 30 min. After washing, second antibody was then added and incubated for 30 min (Dako cell death in Denmark). The negative control group was set with rabbit serum.

TUNEL assay {#Sec12}
-----------

Apoptosis of transplanted tumor tissues was detected by TUNEL kit (KeyGen, Nanjing, China) according to the manufacturer's protocol.

Luciferase activity {#Sec13}
-------------------

NF-κB-dependent luciferase reporter plasmid (2 × NF-κB-Luc) was constructed and maintained in our lab. After 30 h of transfection, the luciferase activity assay was performed using the Luciferase Activity Assay Kit (Promega, USA). After 48 h, the assay was operated again. The relative activity of luciferase is generally calculated by normalizing the ratio of firefly/renal luciferase to negative control transfected luciferase.

Statistical analysis {#Sec14}
--------------------

Data were obtained from at least three independent experiments as noted. Student's *t*-test (two-tailed) was used to compare the two groups. Statistics was performed in GraphPad Prism 6.0 software (San Diego, CA, USA). *p* \< 0.05 indicated a statistically significant difference.

Results {#Sec15}
=======

Establishment and characterization of radioresistant HCC cell lines {#Sec16}
-------------------------------------------------------------------

In this study, we established a radioresistant HCC cell lines (HepG2-R) from parental HepG2 cell line. To establish a radioresistant HCC cell line, we exposed HepG2 cells to a range of radiation doses (0, 2.0, 4.0, 6.0, 8.0 and 10.0 Gy) over a period of 8 months. To further testify the radioresistant phenotype, we irradiated those parental and radioresistant HCC cells (0.0, 4.0 and 6.0 Gy) and examined them by colony formation assay. As shown in Fig. [1](#Fig1){ref-type="fig"}a-c, more foci formation and higher survival fractions in HepG2-R cells could be obtained when exposed to IR, compared with parental HepG2 cells. Also, flow cytometry was performed to detect the changes of apoptosis. As shown in Fig. [1](#Fig1){ref-type="fig"}d, HepG2-R cells showed more anti-apoptotic ability induced by IR, compared to parental HepG2 cells. These results indicated that HepG2-R cells had indeed acquired radioresistance. Fig. 1Establishment of radioresistant HCC cells. **a** A representative image of colony formation in parental and their radioresistant HCC cells treated with various dose of IR (0.0, 4.0 and 6.0 Gy) after 14 days. **b** The results of colony formation. **c** Survival fractions of parental and their radioresistant HCC cells were obtained from the results of the colony-forming assays. **d** Flow cytometric detection of apoptosis in parental and their radioresistant HCC cells treated with various dose of IR (0.0, 4.0 and 6.0 Gy). Data represent the mean ± S.E. of three individual experiments with triplicates. \**p* \< 0.05 and\*\**p* \< 0.01

Aurora-a reduces the in vitro radiosensitivity of HCC cells by decreasing irradiation-induced apoptosis {#Sec17}
-------------------------------------------------------------------------------------------------------

Previously, we have reported that overexpression of Aurora-A correlates with poor prognosis of HCC patients and its downregulation could induce growth inhibition and apoptosis enhancement in HCC cells \[[@CR9], [@CR10]\]. Also, we showed that Aurora-A promotes chemoresistance in HCC cells by targeting miR-21 \[[@CR11]\]. However, whether Aurora-A plays important roles in HCC radioresistance is still unclear and remains to be further elucidated. qRT-PCR and Western blot assays were performed to detect the expression of Aurora-A mRNA and protein in radioresistant HCC cells and their parental HCC cells, and results showed that the expression levels of Aurora-A mRNA and protein in HepG2-R cells were significantly higher than those in HepG2 cells, respectively (Fig. [2](#Fig2){ref-type="fig"}a), suggesting that upregulation of Aurora-A plays a role in the development of HCC radioresistance. To further determine the roles of Aurora-A in HCC radioresistance, HepG2 (or HepG2-R) cells were stably transfected with lentiviral vector Lv-Auro (or Lv-control) or Lv-shAuro (or Lv-shcontrol). Then, qRT-PCR and Western blot assays confirmed the downregulation of Aurora-A in HepG2-R/shAuro cells and upregulation of Aurora-A in HepG2/Auro cells (Fig. [2](#Fig2){ref-type="fig"}b; Fig. [3](#Fig3){ref-type="fig"}a). The transfected HCC cells were treated with IR (4.0Gy), the effect of Aurora-A expression on colony formation of HCC cells was analyzed. Compared with that of HepG2-R/shcontrol cells combined with IR treatment (4.0Gy), the capacity of colony formation was significantly reduced in HepG2-R/shAuro cells combined with IR treatment (4.0Gy; Fig. [2](#Fig2){ref-type="fig"}c). Meanwhile, compared with that of HepG2/control cells, the capacity of colony formation was moderately increased in HepG2/Auro cells combined with IR treatment (4.0Gy; Fig. [3](#Fig3){ref-type="fig"}b). In addition, MTT assay was performed to measure the survival of those transfected cells with doses of IR (0.0, 2.0, 4.0, 6.0 and 8.0Gy). Knockdown of Aurora-A significantly increased the radiosensitivity of HepG2-R cells (Fig. [2](#Fig2){ref-type="fig"}d), while upregulation of Aurora-A reduced the radiosensitivity of HepG2 cells (Fig. [3](#Fig3){ref-type="fig"}c). Induced apoptosis is an important principle of radiotherapy. Thus, we examined the effect of Aurora-A expression on the IR-induced apoptosis of HCC cells. Flow cytometry analysis showed that silencing of Aurora-A increased irradiation-induced apoptosis of HepG2-R cells (4.0Gy; *p* \< 0.01; Fig. [2](#Fig2){ref-type="fig"}e), whereas upregulation of Aurora-A reduced IR-induced apoptosis of parental HepG2 cells (4.0Gy; *p* \< 0.01; Fig. [3](#Fig3){ref-type="fig"}d). The above data suggest that upregulation of Aurora-A reduces the radiosensitivity of HCC in vitro through decreasing IR-induced apoptosis. Fig. 2Effect of Aurora-A knockdown on in vitro radiosensitivity of radioresistant HCC cells. **a** RT-PCR and Western blot was used to detect the Aurora-A mRNA and protein expression in radioresistant and their parental HCC cells. The internal control was GAPDH. **b** RT-PCR and Western blot was used to detect the Aurora-A mRNA and protein expression in the stably transfected HCC cells (HepG2-R/shAuro or HepG2-R/shcontrol). The internal control was GAPDH. **c** A representative image of colony formation in the stably tansfected HCC cells treated with various dose of IR (0.0 and 4.0 Gy) after 14 days. **d** Survival fractions of the stably transfected HCC cells were obtained from the results of the MTT assays. **e** Flow cytometric detection of apoptosis in the stably transfected HCC cells treated with various dose of IR (0.0 and 4.0Gy). Data represent the mean ± S.E. of three individual experiments with triplicates. \**p* \< 0.05 and\*\**p* \< 0.01 Fig. 3Effect of Aurora-A upregualtion on in vitro radiosensitivity of parental HCC cells. **a** RT-PCR and Western blot detection of Aurora-A mRNA and protein expression in the stably transfected HCC cells (HepG2/Auro or HepG2/control). The internal control was GAPDH. **b** A representative image of colony formation in the stably transfected HCC cells treated with various dose of IR (0.0 and 4.0 Gy) after 14 days. **c** Survival fractions of the stably transfected HCC cells were obtained from the results of the MTT assays. **d** Flow cytometric detection of apoptosis in the stably transfected HCC cells treated with various dose of IR (0.0 and 4.0Gy). Data represent the mean ± S.E. of three individual experiments with triplicates. \**p* \< 0.05 and\*\**p* \< 0.01

Aurora-a promotes the in vivo radioresistance of HCC cells {#Sec18}
----------------------------------------------------------

To investigate the effect of Aurora-A expression on the vivo radiosensitivity of HCC cells, we generated subcutaneous tumors in nude mice using the stably transfected HepG2 cells \[HepG2/control (or HepG2/Auro) or HepG2-R/shcontrol (or HepG2-R/shAuro)\]. The xenografted mice were treated with IR at seventh day post tumor cell injection. After treated with IR, tumors developed more slowly in mice bearing the HepG2-R/shAuro xenograft than the control group (HepG2-R/shcontrol) (Fig. [4](#Fig4){ref-type="fig"}a), while tumors developed faster in mice bearing the HepG2/Auro xenograft than the control group (HepG2/control) (Fig. [5](#Fig5){ref-type="fig"}a). At 42 days after inoculation with or without IR treatment, the tumor volume was measured. The average volume of tumors formed from HepG2-R/shAuro cells was significantly lower than that formed from HepG2-R/shcontrol cells with IR treatment (*p* \< 0.01; Fig. [4](#Fig4){ref-type="fig"}b), while the average volume of tumors formed from HepG2/Auro cells was significantly higher than that formed from HepG2/control (*p* \< 0.01; Fig. [5](#Fig5){ref-type="fig"}b). Following IR treatment, tumor homogenates were subjected to Western blot detection of Aurora-A protein expression. Compared with xenografts formed from HepG2-R/shcontrol cells, the expression of Aurora-A protein was significantly downregulated in HepG2-R/shAuro cells. (Fig. [4](#Fig4){ref-type="fig"}c). Compared with xenografts formed from HepG2 /control cells, the expression of Aurora-A protein was significantly upregulated in HepG2/Auro cells. (Fig. [5](#Fig5){ref-type="fig"}c). Additionally, immunohistochemistry was performed to detect the expression of PCNA. The number of PCNA-positive cells in xenografts formed from HepG2-R/shAuro cells were higher than that in xenografts from HepG2-R/shcontrol cells (*p* \< 0.05; Fig. [4](#Fig4){ref-type="fig"}d), while the number of PCNA-positive cells in xenografts formed from HepG2/Auro cells were lower than that in HepG2/control cells (*p* \< 0.05; Fig. [5](#Fig5){ref-type="fig"}d). Furthermore, TUNEL assay was performed to detect the changes of apoptosis. The rate of apoptotic tumor cells in xenografts formed from HepG2-R/shAuro cells was higher than that in HepG2-R/shcontrol cells (*p* \< 0.01; Fig. [4](#Fig4){ref-type="fig"}e), while the rate of apoptotic tumor cells in xenografts formed from HepG2/Auro cells were lower than that in HepG2/control cells (*p* \< 0.01; Fig. [5](#Fig5){ref-type="fig"}e). These results suggest that Aurora-A promotes the in vivo radioresistance of HCC cells. Fig. 4Effect of Aurora-A knockdown on in vivo radiosensitivity of radioresistant HCC cells. **a** The growth of subcutaneous tumor derived from HepG2-R/shAuro and HepG2-R/shcontrol cells in BALB/c athymic nude mice. Mice were treated with 8.0 Gy irradiation at seventh day post tumor cell injection. Five mice were inoculated. **b** Representative features of tumors 42d after inoculation using HepG2-R/shAuro and HepG2-R/shcontrol cells treated with IR. **c** Western blotting was used to detect the Aurora-A protein expression in tumors developed from HepG2-R/shAuro and HepG2-R/shcontrol cells treated with IR, respectively. The internal control was GAPDH. **d** Immunostaining of PCNA protein expression in tumors developed from HepG2-R/shAuro and HepG2-R/shcontrol cells treated with IR. Lower: immunostaining; Upper: H&E staining; Bars, 100 μm. **e** TUNEL assay was used to detect the apoptosis in tumors developed from HepG2-R/shAuro and HepG2-R/shcontrol cells treated with IR, respectively. Data represent the mean ± S.E. of three individual experiments with triplicates. \**p* \< 0.05 and\*\**p* \< 0.01 Fig. 5Effect of Aurora-A upregulation on in vivo radiosensitivity of parental HCC cells. **a** The growth of subcutaneous tumor derived from HepG2/Auro and HepG2/control cells in BALB/c athymic nude mice. Mice were treated with 8.0Gy irradiation at seventh day post tumor cell injection. Five mice were inoculated. **b** Representative features of tumors 42d after inoculation using HepG2/Auro and HepG2/control cells treated with IR. **c** Western blotting was used to detect the Aurora-A protein expression in tumors developed from HepG2/Auro and HepG2/control cells treated with IR, respectively. The internal control was GAPDH. **d** Immunostaining of PCNA protein expression in tumors developed from HepG2/Auro and HepG2/control cells treated with IR. Lower: immunostaining; Upper: H&E staining; Bars, 100 μm. **e** TUNEL assay was used to detect the apoptosis in tumors developed from HepG2/Auro and HepG2/control cells treated with IR, respectively. Data represent the mean ± S.E. of three individual experiments with triplicates. \**p* \< 0.05 and\*\**p* \< 0.01

Activation of NF-κB signaling is involved in Aurora-A-mediated HCC radioresistance {#Sec19}
----------------------------------------------------------------------------------

Activation of NF-κB signaling has been reported to play a role in tumor radioresistance. Previous studies have shown that Aurora-A induces phosphorylation of IκBα, thereby mediating its degradation and loss of IκBα leads to activation of NF-κB target gene transcription \[[@CR16]\]. Thus, we hypothesized that Aurora-A might promote HCC radioresistance by inducing NF-κB activation. NF-κB is present as a homodimer or a heterodimer with members of the Rel protein family. The distribution and function of p50/p65 are most extensive, but only the terminus of p65 contains a transactivation domain and activates gene transcription; thus, it is the major component of active forms of NF-κB. Therefore, p65 protein serves as the indicator of NF-κB. First, we detected the expression of IκBα and p65 proteins in the cytoplasmic and nuclear fractions of HCC cells by Western blot. The expression levels of nuclear IκBα protein were significantly decreased in HepG2-R cells in comparison with their parental cells (Fig. [6](#Fig6){ref-type="fig"}a), while the expression levels of nuclear p65 protein were significantly increased in those radioresistant HCC cells in comparison with their parental cells (Fig. [6](#Fig6){ref-type="fig"}d). Then, those parental and radioresistant HCC cells were transfected with a NF-κB-dependent luciferase reporter plasmid (2 × NF-κB-Luc), and assays of luciferase activity in lysates indicated that the NF-κB activity was significantly increased in HepG2-R cells in comparison with their parental cells (Fig. [6](#Fig6){ref-type="fig"}c). Next, we determined the effects of Aurora-A expression on the expression of p65 and IκBα in HCC cells, and demonstrated that knockdown of Aurora-A could result in the increased expression level of nuclear IκBα protein and the decreased expression of nuclear p65 protein in HepG2-R cells (Fig. [6](#Fig6){ref-type="fig"}d) and upregulation of Aurora-A could result in the decreased expression level of nuclear IκBα protein and the increased expression level of nuclear p65 protein in HepG2 cells (Fig. [6](#Fig6){ref-type="fig"}e). Also, those stably transfected HCC cells were transfected with a NF-κB-dependent luciferase reporter plasmid together, and assays of luciferase activity in lysates showed that knockdown of Aurora-A reduced NF-κB activity in radioresistant HCC cells and upregulation of Aurora-A increased the activity in their parental cells, while compared with control cells (Fig. [6](#Fig6){ref-type="fig"}f). Moreover, we assessed protein expressions of NF-κB downstream effectors containing Bcl-2, Mcl-1, cleaved PARP and cleaved caspase-3. Knockdown of Aurora-A in HepG2-R cells downregulated the protein levels of Bcl-2 and Mcl-1 and upregulated the protein levels of cleaved PARP and caspase-3 (Fig. [6](#Fig6){ref-type="fig"}g). Upregulation of Aurora-A in HepG2 cells contributed to the contrary results (Fig. [6](#Fig6){ref-type="fig"}h). It was strongly suggested that Aurora-A induced the activation of NF-κB signaling in HCC. Fig. 6Aurora-a promotes the activation of NF-κB signaling in HCC cells. **a** Western blotting was used to detect the nuclear or cytoplasmic IκBα protein expression in parental and their radioresistant HCC cells. The internal control was GAPDH or Topo I, respectively. **b** Western blotting detection of p65 protein expression in parental and their radioresistant HCC cells. The internal control was GAPDH. **c** A luciferase reporter system was used to measure the activity of NF-κB in parental and their radioresistant HCC cells. **d** Western blotting was used to detect the nuclear or cytoplasmic IκBα protein and p65 expression in the Aurora-A-knockdown HCC cells. The internal control was GAPDH or Topo I, respectively. **e** Western blotting was used to detect the nuclear or cytoplasmic IκBα protein and p65 expression in the Aurora-A-overexpressing HCC cells. The internal control was GAPDH or Topo I, respectively. **f** A luciferase reporter system was used to measure the activity of NF-κB in the stably transfected HCC cells. **g** and **h** Western blotting was used to detect the apoptosis-related proteins (Bcl-2, Mcl-1, cleaved PARP and caspase-3) in the Aurora-A-knockdown and Aurora-A-overexpressing HCC cells. The internal control was GAPDH. Data represent the mean ± S.E. of three individual experiments with triplicates. *N.S, p* \> 0.05, \**p* \< 0.05 and\*\**p* \< 0.01

To further detect the role of activation of NF-κB signaling in Aurora-A-mediated HCC radioresistance, LPS (an activator of NF-κB/p65) was co-incubated with HepG2-R cells infected with Lv-shAuro (or Lv-shcontrol). All those cells were treated with IR (4.0Gy), and then, the capacities of growth and colony formation and apoptosis were evaluated by MTT, colony formation and flow cytometry assays. Addition of LPS could partially reverse the decreased capacities of growth and colony formation and increased apoptosis in HepG2-R cells induced by Aurora-A knockdown (Fig. [7](#Fig7){ref-type="fig"}a-c). Also, we detected the expression of p65 protein and its downstream effectors. Addition of LPS could partially reverse the decreased expression of p65 protein and its downstream effectors (Bcl-2 and Mcl-1) and the increased expression of its downstream effectors (cleaved caspase-3 or PARP) (Fig. [7](#Fig7){ref-type="fig"}d). These data suggested that activation of NF-κB played a role in Aurora-A-promoted radioresistance in HCC cells. Fig. 7NF-κB signaling was involved in Aurora-A-promoting radioresistance in HCC cells. **a** MTT assays were employed to evaluate survival fractions of the stably transfected HCC cells plus LPS and IR (4.0Gy). **b** A representative image of colony formation in the stably transfected HCC cells plus LPS and IR (4.0Gy) after 14 days. **c** Flow cytometric detection of apoptosis in the stably transfected HCC cells plus LPS and IR (4.0Gy). **d** Western blot detection of the expression of those proteins (p65, Bcl-2, Mcl-1, cleaved PARP and caspase-3) in the stably transfected HCC cells plus LPS. GAPDH was used as an internal control. Data represent the mean ± S.E. of three individual experiments with triplicates. \**p* \< 0.05 and\*\**p* \< 0.01

Discussion {#Sec20}
==========

As a major member of a new serine/threonine kinase family, Aurora-A has been reported to be involved in accurate bipolar spindle assembly, mitotic entry, separation of centriole pairs, and completion of cytokinesis and alignment of metaphase chromosomes \[[@CR17]\]. Overexpression of Aurora-A could result in genetic instability, which could lead to malignant transformation of many tissues \[[@CR18]\]. Aurora-A overexpression occurs in many human cancers, and this overexpression was associated with the patient's prognosis. Landen' et al. \[[@CR19]\] indicated that Aurora-A was overexpressed by most of ovarian cancers and was related to centrosome amplification and poor survival. Tanaka et al. \[[@CR20]\] showed that the malignant behavior of ESCC could be reflected by the up-regulated expression of Aurora-A, which could be used as a predictor in patients with ESCC. In addition, the relations between the overexpression of Aurora-A and the poor prognosis were also reported in other human malignancies, such as bladder cancer, breast cancer, and laryngeal cancer, etc. \[[@CR21]--[@CR23]\]. The relationship between overexpression of Aurora-A in HCC patients was first reported by Jeng and his colleagues. In their article, factors that affected the overexpression of Aurora-A were also mentioned, including high-grade and high-stage patients \[[@CR8]\]. Our team's former studies have demonstrated Aurora-A mRNA expression was highly relatived to advanced tumor stage and poorer prognosis of HCC patients \[[@CR9]\]. In the latter study, we also analyzed the importance of the clinicopathology and prognostic of Aurora-A protein in HCC patients and indicated that the expression of Aurora-A was highly correlated with TNM staging and the lymph nodes metastasis. Survival analysis showed that HCC patients tended to have better overall survival with low Aurora-A protein expression in the contrast of patients with high Aurora-A protein expression. Multivariate Cox model analysis showed the increase of Aurora-A protein expressions were markers independent of regulatory factors in the overall survival rate of HCC patients, proposing Aurora-A might be a prognostic-marker for TNM staging of HCC. Therefore, the prognosis of HCC patients was negatively correlated with the overexpression of Aurora-A. In clinical practice, it could be selectively used to confirm the probability of HCC recurrence.

It has been proved by many studies that Aurora-A could regulate the malignant phenotype of a variety of tumor cells, such as growth, apoptosis, invasion and metastasis, chemoresistance, etc. Wang' et al. \[[@CR24]\] showed that Aurora-A could promote ESCC cell proliferation and prolong apoptosis. The same group indicated that RNA interfered with human ESCC cell line, stably down-regulated Aurora-A, inhibited tumor cell proliferation, shortened apoptosis time, and provided a promising therapeutic strategy to treat ESCC \[[@CR25]\]. In addition, Tanaka' et al. \[[@CR26]\] indicated that targeting Aurora-A inhibited the growth of human OSCC cells in vitro and in vivo. Also, it was reported that Aurora-A promoted invasion and metastasis in a variety of human cancers. For example, Maimaiti' et al. \[[@CR27]\] found that Aurora-A induced lymph node metastasis of papillary thyroid carcinoma by promoting cofilin-1 activity. Wang' et al. \[[@CR28]\] showed that Aurora-A activated the Cofilin-F-actin pathway inducing mammary cell migration and breast cancer metastasis. Importantly, Aurora-A was reported to regulate tumor chemoresistance. Sun' et al. \[[@CR29]\] showed that inhibition of Aurora-A promoted chemosensitivity via inducing cell cycle arrest and apoptosis in cervical cancer cells. Also, it was reported that Aurora-A could induce cell survival and chemoresistance by activation of Akt through a p53-dependent manner in ovarian cancer cells \[[@CR30]\]. Meanwhile, the correlation of tumor radioresistance with Aurora-A expression was also studied. Ma' et al. showed that Aurora-A affected radiosensitivity in cervical squamous cell carcinoma \[[@CR31]\]. Venkataraman' et al. \[[@CR32]\] showed that targeting Aurora Kinase A enhanced radiation sensitivity of atypical teratoid rhabdoid tumor cells. The above data indicated that Aurora-A might be a molecular target for chemosensitizing or radiosensitizing human tumors. In the former study, we have concluded that RNA interference suppressed proliferation and induced apoptosis in human HCC cells through targeting Aurora-A. Our further research showed that Aurora-A activating Akt and p38-MAPK signaling pathways might be a key regulator of HIF-1α-promoting malignant phenotypes of HCC \[[@CR33]\]. Meanwhile, we showed that methylation-associated silencing of microRNA-129-3p might target Aurora-A to regulate epithelial-mesenchymal transition, invasion, and metastasis of HCC. Furthermore, we testified that Aurora-A could promote HCC chemoresistance by targeting NF-kappaB/microRNA-21/PTEN signaling pathway \[[@CR11]\]. In another report, Benten' et al. \[[@CR34]\] indicated that the growth of HCC was suppressed by Aurora kinase inhibitor PHA-739358 in vitro and in vivo. Although HCC progression is significantly related to Aurora-A overexpression, the relationship between the expression of Aurora-A and the HCC radioresistance remains unclear. To prove it, we successfully established one radioresistant HCC cell line from its parental cell line and showed that Aurora-A was significantly upregulated in radioresistance HCC cells in comparison with their parental cells. Then, we performed functional assays. Knockdown of Aurora-A could reverse radioresistance of radioresistant HCC by increasing radiotherapy-induced apoptosis, while upregulation of Aurora-A reduced radiosensitivity of HCC cells by decreasing radiotherapy-induced apoptosis. Consequently, up-regulation of Aurora-A promoted the formation of radioresistance in HCC.

Furthermore, we explored the molecular mechanisms of Aurora-A promoting radioresistance in HCC cells. Previous studies have shown overexpression of Aurora-A might enhance the activity of NF-κB. Chefetz' et al. \[[@CR35]\] showed that inhibition of Aurora-A kinase induced cell cycle arrest by affecting NF-κB pathway in epithelial ovarian cancer stem cells. In lung cancer cells with p53 gene silencing, the study found that Aurora-A could promote the resistance of gefitinib with NF-κB signaling pathway \[[@CR36]\]. Also, Linardopoulos and his colleagues indicated that Aurora-A-inhibition enhanced the efficacy of chemotherapy drugs and acquires resistance from activated NF-κB \[[@CR37]\]. NF-κB plays an important role in carcinogenesis as well as in the regulation of inflammatory and immune responses. NF-κB induces the expression of varying target genes, which has been related to various cellular processes in cancer, including inflammation, proliferation, angiogenesis, transformation, invasion, and metastasis \[[@CR38]\]. Meanwhile, activation of NF-κB contributes to resistance to chemotherapy and ionizing radiation during cancer treatment. It has been reported that irradiation activated complex anti-apoptotic and other transcription factors so that cancer cells could not repair DNA damage and obtained anti-apoptotic radiation therapy. Therefore, in most cell types, NF-κB is recognized as a type of key that protects cells from apoptosis \[[@CR39]\]. Our and other studies have shown that Aurora-A activated nuclear factor-kappaB signaling by phosphorylation of IκBα. Although we previously reported that Aurora-A could promote HCC chemoresistance by targeting NF-κB signaling, whether Aurora-A promotes HCC radioresistance by activation this signaling is unclear. First, the expression levels of nuclear IκBα protein in radioresistant HCC cells were found to be lower than that in parental HCC cells, while the expression levels of p65 protein in radioresistant HCC cells were higher than that in parental cells. Meanwhile, the activity of NF-κB in radioresistant HCC cells was stronger than that in parental cells. Importantly, knockdown of Aurora-A might lead to an increase in the expression of nuclear IκBα protein and the decreased expression of p65 protein in radioresistant HCC cells, while upregulation of Aurora-A could cause the contrary results in parental HCC cells. Moreover, we detected the expression of NF-κB pathway downstream effectors of Bcl-2, Mcl-2, cleaved PARP, and caspase-3. Knockdown of Aurora-A downregulated Bcl-2 and Mcl-1 protein expressions and upregulated cleaved PARP and caspase-3 expression in radioresistance. Upregulation of Aurora-A obtained the reverse results in parental HCC cells. Bcl-2, Mcl-2, PARP, and caspase-3 levels were closely linked to regulation in cell apoptosis, so the changes of downstream effectors expressions supported that NF-κB pathway contributed to Aurora-A-induced regulation of apoptosis in the formation of HCC radioresistance. In another report, Aurora-A was found to contribute to radioresistance by increasing NF-κB DNA binding activity. The system regulation of NF-κB pathway mediated by Aurora-A is not fully understood. Also, whether Aurora-A participates in HCC radioresistance by regulating other signaling pathways is still unclear. Therefore, further understanding of Aurora-A protein role in HCC radioresistance and regulation of molecular signaling pathways might provide new insights into the effective treatments in HCC.

Conclusions {#Sec21}
===========

In summary, this study confirmed that Aurora-A contributes to HCC radioresistance through reducing radiotherapy-induced apoptosis by activating NF-κB signaling. This signaling pathway provides new targets for radiosensitization of HCC.

ESCC

:   Esophageal squamous cell carcinoma

FITC

:   Fluorescein isothiocyanate

GAPDH

:   Glyceraldehyde- 3-phosphate dehydrogenase

HCC

:   Hepatocellular carcinoma

MTT

:   3-(4,5-Dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide

PBS

:   Phosphate buffer solution

PCNA

:   Proliferating Cell Nuclear Antigen

qRT-PCR

:   Quantitative real-time polymerase chain reaction

TUNEL

:   Dterminal dexynucleotidyl transferase (TdT)-mediated dUTP nick end labeling

**Publisher's Note**

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

We gratefully acknowledge the excellent technical help from the Department of Biochemistry and Molecular Biology in Nanjing Medical University.

WR, CLB and ZXX designed this study. SZT, CY and HGC performed the experiments in vitro assays. SZT and HGC did the experiments in vivo studies. SZT, WR, CLB, HGC, ZXX and CY analyzed the data. SZT, WR and CY wrote the manuscript. WR, CLB and ZXX reviewed the manuscript. All authors read and approved the final manuscript.

This work was supported by grants from the National Natural Science Foundation of China (grant number: 81772996 and 81472266) and the Excellent Youth Foundation of Jiangsu Province, China (BK20140032). Funding for this trial covers the run-in costs for the trial. The funding body plays no part in the study design, data collection, data analysis, data interpretation, and manuscript preparation of the current study.

All data generated or analysed during this study are included in this published article.

Animal studies were approved by the Ethics Committee of Animal Experiments of Jinling Hospital.

Not applicable.

The authors declare that they have no competing interest.
